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ABSTRACT

Largescale C1¥0 maps show that lfc Taurus Molecular Cloucl 1 (TMC1) has
numerous cores located along a ridge’ Wi tich extends about 12'by at least 35'. The
corm traced by C'®Qare~ few arcmin (0.1 - 0.2 pc) in extent, typically contain about
0.5-3 Mg,and arc probably gravitationally bound. We present a detailed study of the
small scale fragmentary structure of one of these cores, called core D, within TMC1
using very high spectral and spatial resolution maps of CCSand CS. The CCS lines
are excellent tracers for investigating the density, temperature and velocity structure
in dense cores.The high spectral resolution, 0.008 kms~!, data consist mainly of
single”dish, Nyquist-sampled maps of CCS at 2? GHz. with 15" spatial resolution
taken with NASA’s70mDSN antenna at Golds tone. “T'he high spatial resolution
spectral line maps were made with the VLA (9" resolution) at 22 Gliz and with the
OVRO millimeter array in CCS and CS at 93 Gilz and 98 Gllz, respectively, with 6"
resolution. These mapsare supplemented with single’dish observations of CCS and
CC3*'S spectra at 33Glz using a NASA 34m DSN antenna, CCS93 Gz, C3S (2-1)
and C'80 ( |1-O) single dish observations made with the AT&T Bell Laboratories Tm
antenna,

Our high spectral and spatial CCS and CSinapsshow that core 1) is highly
fragmented. Thesingle“dish CCS observations map out several clumps which range
in size from ~45” to 90" (0.03 to 0.06 pc). These clumps have very narrow intrinsic
linewidths, 0.11 to 0.25 kms™—!, dightly larger than thethernal line width for CCS at
10 K, and masses about 0.03 to 0.2 A /. interferometer observations of some of these
clumps show that they have considerable additional internal structure, consisting of
several condensations ranging in size from ~ 10” to 30" ( 0.007 to 0.021 pc), also with
narrow linewidths. The mass of these smallest fragments can be constrained to lie in
the range 0.005 to 0.05 ;. Thesmall ‘scale structures traced by CCS appear to be
gravitationally unbound by a large amount. Most of these objects have masses that
fal below those of the putative proto-brown dwarfs (g 0.1 M ). The presence of many
small gravitationally unbound clumps suggests that fragmentation mechanisms other
than a purely Jeans gravitational instability may beimportant for the dynamics of
these cold dense cores.

Subject headings: protostar formation - molecular cloud cores - molecules




1. Introduction

The overall structure of molecular clouds is self-similar over arange of masses which is at
least 1-1000 Mg, ( Falgarone, Phillips & Walker 1991). The observed Larson ( 1981) power-law
relationship between the spectral linewidth and the size of clouds, AP (kin s=!) xR(pc)®®,
strongly suggests that macroturbulent (supersonic) motions governthe structure of these clouds at
larger scalé (Miesch & Bally 1994). Under these conditions AViws > AVikermai. Where AVisermal
~ 0.5t0 1.0 kms~!is the order of thesoundspeed of molecularhydrogen under typical interstellar
cloud conditions. Throughout this range in AV, the relationslip betweennass. linewidth, and
size is roughly consistent with the virial theorem (Myers et al.1991: Tatematsuet a. 1993),
which is to say that gravitational and pressure forces are comparable.

in the cores of cold dense clouclsadifferent set of conditions prevails as there arc many
examples of linewidths measured with trace molecules. CO, CS, N1z, HC3N, that are narrower
than the thermal linewidth of molecular hydrogen at 10 K. In these cases the velocity field is .
mainly therma and has a small non-thermal componentwhich is probably due to microturbulent
(subsonic) motions, but could have contributions from syrsrmnaticmotion (rotation and infall). In
the cores where AVi,4 < AVikermartheirsupport ismainly thermal pressure.

In a turbulent medium, the smallest scale in the self-similarity occurs where dissipation
becomes the dominant process. Extrapolating the Larson velocity-size relationship to the point
where the velocity dispersion equals the thermal linewidth of molecular hydrogen yields a scale
of about 0.15 pc, or a typical size of a “Myers’ core. While there is no q};'rz'ori reason why the
Larson scaling law should be valid in this regime, the results of Fuller & Myers (1993) seem to
indicate that this relationship can be extended down to much narrower lines and smaller regions
about 0.02-0.03 pc (4200-6200 AU). Indeed Kitamuraeta. (1992) have suggested that most of
the turbulent energy in the nearby quiescent TaurusMolecular Cloud-1 C(TMC-1C) is a about
this scale, 0.03 pc.

These observations of small“scale thermal features raise some important questions regarding
the structure and velocity dispersion in cold cores. What are the mechanisms for fragmentation
and formation of protostars?llow is turbulence generated and dissipated{’ and how does the
transition from macro- to microturbulence, and finaly to purely thermal velocity dispersion take
place, What decides .the fina state leading to, and the mass of, a protostar? What is the low-mass
cutoff in for the initial mass function (IM}F)and are there brown dwarfs with mass < 0.08 Mg?
To address these issues we need extensive observations of the physical conditions in cloud cores
over a large range of spatial scales.

In the classical lHoyle (1953) picture of protostar formation, hierarchical gravitational
fragmentation takes place by Jeans instability until a small enough mass is reached whereby
further fragmentation halts (cf. Spitzer 196S). One problem with this model is that the fragments
do not separate out in purely spherical collapse (cf. Monaghan & Lattanzio1991). This model




also dots not explain the Larson relation between size and velocity dispersion, o: the number of
clumps as a function of size (cf. Williams et a. 1994} in interstellar clouds. By including outward
rotation Henriksen & Turner ( 1954) have proposedthatthe Larson relationship arises from the
scaling of a compressible turbulent fluid driven by gravity andangular-momentum transfer, In
contrast to such dynamical models, steady state models based on a balance between gravitational
fragmentation of large clumps and coalescence of small ones(Nakano1981) purport to explain
the mass spectruin of fragments observed in large molecular cloud structures (cf. Williams et
al. 1994). However it is not obvious that such modelsapply to the colder, less massive clouds
or cloud complexes, such as the Taurus Molecular Cloudcomplex. Murrav et al. (1993) have
suggested that fragmentation by thermal instabilities and coalescence of fragments are important
mechanisms in the formation of galaxies, star clusters. and individual stars. While such thermal
instabilities arise readily in the diffuse ISM where different coolants in high and low density atomic
gas can maintainalarge contrast in temperature, it is not obvious that such states can be achieved
in molecular gas where the tempera ture contrast is low in different gas densities.

Nearby cloud complexes afford us an excellent opportunity to study models of cloud evolution.
fragmentation and protostar formation. Ground-breaking work on these cloud cores was done by
Myvers and his associates (e.gj Myers & Benson 1983; Benson & Myers 1939; Myers et a. 1991;
Fuller & Myers 1992; Myers & Fuller1992; Fuller & Myers 1993: Goodinan et al.1993). However
to study the small scale structures within the cores we need to measure with suitable resolution
the density, temperature, and velocity field of the structures in dense cloud cores. In addition,
analysis of the chemical composition is important for understanding the evolution of protostellar
regions. Such studies of structure and chemical composition of these cores in nearby clouds
requireé spatial resolution from 5” to 45" appropriate for a wide range of scale sizes and a spectral
resolution < 0.03 ki 5—1/ necessary to resolve thermal widths of blended velocity components.

One of the best-studied regions of fragmentation and protostar formation is the dark cloud
TMC1 in Taurus. It has been mapped at moderate resolution, ', in 13CO,C!¥0, and HCO*
(Duvert, Cernicharo, & Baudry 1986), at ~ 2’ in H13CO* (Guélin, Langer, & Wilson 1982),
CS (Snell, Langer, & Frerking 19S2), HC3N and NH3 (Tone et al. 19S1) and at higher spatial
resolution ~ 45”in HC;N(Olano et a. 19SS). All these mapsshow TMC1 has several moderate.
Size cores about 3' in diameter. Six cores were identified in the spatial-velocity CS maps (Snell
et a]1982) and CCS maps (Hirahara et a. 1992). These Myers' cores (cf. Myers et al. 1991)
with size ~0.16 pc (3'-4' in diameter at the distance to TMC) have typical masses ~1to 2 Mg,
assuming an average density ~10%cm~* as suggested by CSobservations(Snell et al. 1982).

\h\,\ However, our understanding of the smaller4cale structures in TMC1 (cf. Hirahara et al. 1992)
ave been limited by the paucity of high spatial resolution observations and also the confusion
that arises from the complex velocity field in this region as indicated by the line shapes of various
tracers (cf. HC3N spectra by Télle et a. 195] ). Here wc extend the study of the features in
TMC1to small scale by spectral line mapping of one of its cores, called core D by Hirahara et al.
(1992) and fragment-C by Snell et a. (1982) in CCS and CS down to about 6" with high spectral



resolution.

The carbon chain molecule CCS is widespreadin dark clouds (Iuente et al.1990;Suzukiet
al. 199'2). CCS lines are excellent tracers for investigating the velocity structure in dense cores
because they have no hyperfine structure, have an intrinsically narrow thermal linewidth (0.09
kms~! at 10 K), require high density for excitation and, aswe show, are not very opague in
TMC1. Their intrinsic narrow thermal linewidths afford better separation of velocity structure of
individual components than less massive molecules such as CO and Nll;. In addition. CCS has
many accessible transitions at cm and mm frequencies that make it a good density probe over
the range 10* to 106 cm‘’at tile low kinetic temperatures presentin dense cold cores, All these
properties make CCS a potentially good tracer to seaich for small scale structures within the cold
cloud cores.

We mapped TMC1 core D extensively in CCS at 22.3 Gllzwithvery high velocity resolution
of 0.008 kms~'. Our motivation for using such high spectral resolution was that if the quiescent
cloud cores were composed of many small features that it might be possible to count and separate
them by resolving them spectrally rather than spatialy (Velusamyeta. 1993).\We also observed
CCS and CC*S at 33.75 and 33.1 Gllz, respectively, at the central position to determine whether
CCS is opticaly thick or self-absorbed, and the CCS transition at 93 Glz to obtain excitation
information about CCS.From the larger maps of CCS made with the single dish antennas we
selected a few ficlds for observation at very high spatial resolution using interferometers: CCS 22
GHz at the VL A, CCS 93 GHz and CS 98 Gliz observations a OV R O-MMA. To get an overall
view of the dense regions of TMC1 we also made a large scale map of C'¥Q(J= 1-0) emission *
with the AT&T Bell Labs Tm antenna. our analysis of these data indicate that TMC1 is highly
fragmented with structures ranging in size from 10" to 10'. Themass of the smaller clumps
mapped with CCS range from about 0.01 to 0.15 M. The larger features traced by C'¥0 range
in mass from 0.5 to 30 M. Most of the larger structures, as seen in C!'®0, are gravitationally
bound while most of the smallest structures, as seen in CCSand CS are unbound. The presence
of so many unbound features with masses less than those expected for proto-brown dwarfs raises
important questions about their formation, lifetime and relationship) to the protostar formation
process, and initial mass function.

2. Observations

The transitions observed and the telescopes used are described in ‘I’able 1. The CCS
(JN=2, — 1.) line rest frequency, 22,344033 GHz, is taken from Saito etal. (1987). The
frequencies of the CCS and CC*S (Jy =32 --2;) and CCS(.Jy =87 -- T¢) transitions were taken
from the JPL Spectral Line Catalog (Pickett et a. 1991). Note that we have adopted the notation
of Saito et a. for labeling the levels with (N,J ). The JPL catalog assigns a different labeling of
(N,J) whereby the N quantum number is assigned to the state of a given J which has the largest
contribution from the basis function with the same N quantum number (Pickett et al.1991 ). The
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frequency of the .J=20-—19 transition of IIC;N was calculated from constants givenby Krotoet a
(1978).

‘able 1. Sy xctral line 1| »quencies ar  Telescopes o
Molecule | Transition: | Frequency Antenna HPBw Velocity Spatial”
Resolution | Resolution
(GHz) (arcsec) km s—! (pc)
Ccs J=3 — 1y | 22.341033 | Goldstone 70m 45 0.008 0.030
" " " | VLA-D 9 0.0-1 0.006
HC;N J=20—19 | 22559907 | Goldstone 70m 45 0.050 0.030
CCS J=3 — 2, | 33751374 | Goldstone 34m 70 0.011 0.04s
CC*S 7 3311139 | 7 K 0.011 0.04s
CCS J=8 — 7 93.8370107 | AT&T Tm 120 0.040 0.0s0
" ” ” | OVRO MMA 9 0.052 0.006
S J=2—1 97.90968 | 7 6 0.049 0.00-1
38 J=2—1 96.412953 | AT&T 7in 115 0.039 0.07s
80 J=1—0 109.782182 | AT&T 7 100 | _ 0.140 0.068

a. Spatial resolution calilated at the distance to TM( 1, 140 pc.

TMC1 was mapped over a 30' by 30’ region in (3!80 (1=1 --O) using the AT&T Bell
Laboratories 7m antenna, in 1993 and 1994. The FWHM beamwidth of the antenna is 100" at
110 GHz and our map was sampled every 60", or aimost at the Nyquistsampling. The spectral
resolution was 50 kHz corresponding to 0.14 kms~! velocity resolution. The receiver, calibration
and observing procedures are discussed in Langer et a. (1988).

We mapped one of the coresin TMCllcoreD in the CC'S map of Hirahara et al. (1992)p'
in the CCS 22 GlIz transition with high signal-to-noise, Nyquistsainpling every 24" over 4' x
4 region around the peak. The map was centered at RA( 19.50) == 047387425.0: DEC(1950) =
25 °34'50". The observations were made between 13 M arch 1993 and 1 April 1994, using NASA’s
70m-antenna (1) SS 14) at Golds tone, California. At22Gllz the antenna lIPBW is45” and the
pointing accuracy was better than 5. We measured the main beam efficiency to be 42 percent for
point sources and about 70 percent for the extended source structure of TM C1, as determined from
beam shape and observations of the Moon. The receive] consisted of a maser pre-amplifier followed
by a digitaly-controlled Hewlett-Packard down-converter with a synthesizedlocal oscillator locked
to the station hydrogen maser frequency standard. The system has a noise temperature of ~ 60 K
measured at the zenith. We used the two million channel Wide Band Spectrum Analyzer (Quirk
et al. 1988) with a spectral resolution of 191z over 40 Mlz. The resolution was reduced by
co-adding 32 adjacent channels to provide 8192 channels of G101z resolution (or 0.00S kms~! at
22 GHz). The spectra were observed in position switching mode and were doppler-corrected to an
accuracy betterthan 0,004 kms™!. !
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The 33 GHz spectralline observations were made using the saine spectrometer and the
34-mbeamwaveguide antenna of the R&D) station (1) SS-13) at Goldstone with a HPBW of 70”.
The receiver consisted of a cryogenically -cooled H EMT pre-amplifier followed by a two-stage
down-converter which is part of the station's core equipment. The (low’li-converter local oscillators
are locked to the hydrogen maser. The CCS93 and (34596 Glzlines were observed with the
AT&T BellLaboratories Tm antenna in 1993-1994 using12.5kHzspectral resolution. The antenna
half power beamwidthis 120" and the aperture efficiency is greater than 90 percent. The receiver.
calibration and observing procedures are similar to those discussedinLanger et a. (1988).

The VLACCS spectral line maps at 22 GHz weremade in D-configuration on January 4&
6,1994 for 7 hours total, with velocity resolution ~ 0.04 km s1. Thedata were taken using 256
channelsand 0.7S MHz bandwidth without Hanningsmoothing. The source 0528+ 134 was used
for amplitude and phase calibration. The flux density of the calibrator was 6.14Jy at 22 GHz.
The spectral line maps were produced using AIPS. In order to mmaximnize the signal-to-noise ratio
in the maps they were smoothed to a lower resolution of 9“.

The CCS and CSOV RO-MMA spectral line maps were made between October 1993 and
November 1994. Our initial observations (93- 9-1 observing season) used the 3antennaarray with
the map center at RA(1950).= 04438"42°.0 and DEC(1950) == 25 °31’50”. Both the CCS and CS
spectra were detected in the shortest baseline (15m) and the peak emission was observed away
from the map center. In our second set of observations in October- November 1994 we used new
map centers; CCS was observed at the emission peak in the VL Amap;and CS was observed at
emission peak seen in the earlier ( ]993-94) observations. The results presented here are from this
second set of observations and used the 6 antennas in configuration A. The data were taken using
128 channels with 1.98 MHz bandwidth without on-line Hanning smoothing. Source 0528+134
was used for both amplitude and phase calibration. Tile flux density of the calibrator was 4.9 and
5.2 Jy at 93 and 98 GHz, respectively. The data were calibrated using the Owens Valley millimeter
array software and the spectral line maps were produced using AIPS.1n the case of the CS map
the full resolution (6 “) was used. However the CCS map was smoothed to a 9" beam in order to
maximize the signal-to-noise ratio in the map.

3. Results

The C'80 (I-O) emission traces the column density of material, except in tbe very densest
cores, and gives an overall picture of the mass distribution inTMC1. Figure la shows our large
scae C18Q integrated intensity map of “I’MCl. While the C!80 emission fills about two thirds of
the map,it is brightest along a ridge roughly 12’ wide extendingalong the diagonal axis about 35
(limited by the boundaries of our map). This long diagonal filament (or cylinder) contains two
smaller elliptical filaments, each roughly 5 by 10" in size. The C'¥0 emission also shows several
cores about 2'-4' in diameter embedded in each of these elliptical features. The emission feature
located near the middle of the upper border in this map is aportion of adifferent cloud TM - 1C
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(see Kitamura et al. (1993)forafull map of this region). Individual C**Q (I-O) spectrahave
typicallinewidth s (FWHM) about 0.8kms~! and show single or sometimes blended, double“peak
line profiles. Figure?2 shows anexample of a double peaked C'¥0 profile superimposed with a
CCS spectrum at the same position. The two prominent peaks inthe CCS line occur at nearly the
same velocities as those of the (]1801ine/, but the overall velocity dispersionin CCSis considerably
less than that for C130.

Core D occupies asmall region in the C'*0 map as indicatedby a rectangle in Figure la
Our CCS22GHz integrated intensity map of Core D (Figure Ib) shows smaller structures than
are evident in the C'®*01nap, which is cousistent with the higher spatial resolution and the higher
critical density for excitation of the CCS 22 Glz line. However, the location of the peaks and size
of the structure seen in this CCS map cannot be taken literally because of the presence of severa
velocity components over most of the CCSmap.Instead, as discussed below we need to use the
velocity information as revealed in individual spectra, ]]osit,ioll-velocity, and spatial-spatial maps
at different velocities to characterize the substructure of core D.

The CCS22 GHz spectra at all positions (observed with Nyquist sampling) are shown in
Figure 3. It can be seen that these lines have very complex shapes which change significantly even
among adjacent positions at the 24” sampling of the map. Thesignal to noise of these spectra is
very highs that the changesin line shape among adjacent Nvquist sampled positions are measures
of changes in density, chemical abundance, and hence structure on a scale comparable to, or less
than, the beam size of 45arcsec. The explanation for such changes that we will advocate below is
that, in addition to the emission from the extended structure of core |) several, small clumps with
narrow linewidths g 0.15 kms™! located along each line-of-sight contribute sinificantly. These
clumps are likely to be embedded in larger more diffuse gas as tracedby, for example, C'8 0. To
establish this model for the CCS line shapes we have to show that self-absorption is unimportant,
that is that the dips in the spectra are not absorption features, and that the opacity is not large,
Furthermore, we need to determine a characteristic linewidth of asingle component in the blended
line.

To check for self-absorption or shadowing we observed themap center position in CCS and
CC3S(Jy =3, — 21). These are plotted in Figure 4 along with CCS(Jn = 2-- 1) and the
AT&T Bell Labs CCS (Jx = 87 — 7¢) spectrum. The CCS and CC*IS (Jy =32 —2;), which have
the same spatial and spectral resolution, have similar line shapes. However, the three individual
velocity features are more distinct in the more optically thin CC34S. There is no evidence in these
line shapes for self-absorption: all the features seen in CCS are seen in CC*S. ‘1'bus, the dips
in the CCS lines are not the result of foreground absorption. Furthermore, the CCS/CC31S line
intensity ratio is ~ 12-15 across the line profile, whereas the terrestrial (and probably interstellar)
value of the sulfur isotopic ratio *S/”'S is 23. Thus the 34 GHzlinecannot be very optically
thick and, if the excitation conditions are similar, the isotope ratio implies 7(CCSJn=32-2;)
<1.5 for CCS at 33 Glilz. The corresponding opacity at 22 GHzcau be estimated from an LVG
excitation calculation (see Section5)to be r(CCSJn:-2,-10) <0.7. The HC3N profiles of Tone




etal (resolution of 0.030 km s~1) are similar to our 22 Gz (CCS profile, corroborating that the
optical depth effects on the 22 Gliz line shape are small.

Figure 5 shows our 23 GHzHC;N and 22 GHz C('S spectra at a position 45” from the center.
The HC,N line is shifted in velocity with respect to the CCSline which we believe is due to the
uncertainty in the calculated HC.:N frequency (see Section 2). Becanse HC;N is 1.S times more
massive than CCS it has an even narrower intrinsic thermallinewidth(by a factor of 25 percent)
and the various overlappiug velocity components separate better than in CCS. The overal width of
theline at the base is about 15 percent narrower than for CCS (hyperfine splitting is negligible for
this transition ), which is a conseguence of the narrowing of the individual outermost components
that make up the line profile. Three component Gaussian fits to thelIC; NV line profile yield very
narrow linewidthsranging from 0.11 to 0.15 kms™! (see Table 2). We can see some indication
for the presence of additional components, especially inthe high velocity feature of the HC-N
spectrumwhich has a non-Gaussian shape.

4. Analysis

The line profiles in Figures 3to 5 show at least three mgjor components each with spatial
structure, The CCS spectra in Figure 3 show that the emission in these three components is widely
distributed along the SE-NW filament, but their intensities vary significantly from one position
to the other even at the Nyquist sampling of 24" over amost the entire mapped region. These
changes are real, rather than due to noise or baseline effects. as the signal to noise of all the spectra
are very high. As noted above such changes are indicative of structural variations on a scale of the
beamwidth (45”) or smaller. The variations in the line spectra frorm position-to-position indicate
that several small features are embedded in a larger scale structure (and hence line shape) of each
of these velocity components, When we fit the CC*S(.Jy =3, - 2,)line with a combination of
three Gaussians we find (Table 2) that the peak line velocities arc 5.68, 5.3, and 6.03 kms™!
and each feature has a corresponding linewidth of 0.15, 0.12,and{(.17km s+ The parameters
for all of the lines shown in Figures 4 and 5 a1e given in Table 2. Thoughthe line parameters are
given to two decimal place accu racy, in many cases the errors to the velocities are even smaller,
only a few meters per second. These three velocity features have different excitation temperatures
as is evident from the intensity ratios among the 22, 33and93Gllz CCS lines, and the CCS
isotope ratio at 33 GHz. The relative peak intensities of HC;N to CCS aso vary among the three
main velocity components. Thus the density and CCS fractional abundances of the different main
components vary.

Large Scale Spatial Structure

Disentangling the components in a map from the spectral aud spatial information is a long
standing and difficult problem, Various techniqueshavebeenappliedin the literature including



‘able 2: Result
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of Gaussian i

Transition T3 Vier ° \ Ve
GHz K km s - [ kmii
Component 1
CCS 22 2.45+0.035.704 £.01 | 0.16 + 0.01
Ccs 33 1.30 4 0.53[5.7240.01 | 0.174 0.02
CCS 93 0.674.0.03 |5.70420.01 | 0.24 + 0.02
CC34§ 33 | 0.161 + 0.002|56% # 0.01 | 0.15 + 0.01
345 96 | 0.289+ 0.116 53641+ 0.02 | 0.203 0.03
C180 109 2,47+ 0.07|5.64:40.02 | 0.45+ 0.04
CCS 22 2.823: 0.055.71220.01 | 0.17+ 0.01
HC>N 22 | 0.435+ 0.016 5%22+£0.01 | 0.11 £ 0.01
Component 2
Ccs 22 1.75% 0.03 | 5.837+ 0.01 | 0.27+ 0.04
Ccs 33 0.074 0.13 | 5.902 0.02 | 0.26 + 0.02
Ccs 93 0.76 +0.07 | 5.962 0.02 | 0.20 + 0.06
CC3s 33 | 0.078+ 0.003 | 5.3 3.0.01 | 0.124 0.01
348 96 | 0.549 +0.492 | 559 + 0.19 | 0.29 4 0.27
C80 109 —. —. —.
Ccs| 22 1L.8604420.07 [5.834: 20000 | 0.16 £ 0.01
HC:N 22 | 0.491 + 0.011 |5.684: 0.01 | 0.15 + 0.01
Component 3
Ccs 29 1.633: 0.14 6.0S + 0.01 | 0.15 + 0.01
C'cs 33 1.323: 0.4.5 6.0S 4 0.01 | 0.16 4+ 0.01
Ccs 93 0.52 4 0.26 6.0S 4:0.01 | 0.10 + 0.03
CC3s 33 | 0.140 + 0.002 6.03 4. 0.01 | 0.17 + 0.01
C34S 96 | 0.217 4 0.106 6.04 + 0.09 | 0.20 + 0.18
C80 109 1.58 4:0.10 6.164:0.02 | 0.42 £0.05
Ccs 22 1.91 4+0.06 6.044:0.01 | 0.17+ 0.01
HC-N 22 | 0.570 4-0.013 5.56 4. 0.01 | 0.14 £ 0.01

a The vi.ues are rounded off to two decimal p aces; the errors in most cases are only a few m s
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using we half-power co ntours, structure tree analysis {Houlahan& Scalo1992), connected local
minimaas used in Clumpfind (Williams.de Geus & Blitz199.1 ), Gaussian decompositions (Stutzki
& Gusten 1990),and multi-scale transforms (Langer, Anderson & Wilson1993). ‘I’here is no
uniform agreement as to which (if any) is the best approach to this problem. Furthermore, they
generally work best on maps with a larger data base than our CCS one. Therefore, we have decided
to take a traditional approach to estimate the number of cluinpsby visual inspection of the peaks
and contour levels in P-V and individual spatial-spatial maps for different velocity channels. The
P-V map aong themajor (SE to NW) axis (I'igure 6) has about S to 10 spatial-velocity features
(clumps) within a6’ x 1" dlice, as determined from isolatingindividual peaks. The angular extent
of the velocity components in this P-V map ranges from 4.5" to 90" as can be scen from the size of
closed contours.

Figure 7 shows the individual CCS channel spatial-spatial maps of the inner region at velocity
intervals of 0.05 kms~! covering the spectrum from 5.49 to 6.24kins™!. The lowest contour and
the contour intervals in Figure 7 are more than six timesthe rms noise, and therefore the local
peaks (and even the mmap boundaries) are statistically significant. A high degree of cluinpiness in
the core is evident in these maps. Visual inspectionshows that there are at least eight distinct
clumps which aremarkeda to h. The parameters for these cluinps are listed in Table 3. The
Visr and linewidths of the clumps were obtained by fitting amultiple gaussian to the line profile
for each clump position. The CCS clump linewidths range from 0.1.5 to 0.20 kin S* . A rough
estimate of size, based on closed contours around the peaks. yields a range of -1.5" to 90”. The
differences seen in the adjacent channel maps, which areonly 0.05 kms~! apart, show that there
is significant blending of velocity components in the spectra. Therefore, it is likely that more
features contribute to the emission in these maps but it would require higher spatial resolution.
such as that possible with inter ferometers, to separate these.

Small Scale Structure: Interferometric Observations

Three of the clumps which wc have identified in Figure 7 appear to be less thau 60” ( 0.04
pc) in size and are barely, if at al, resolved spatially in the 70-mheam (even though they are
isolated in velocity space). To characterize these structures and to search for any smaller scale
substructure we were able to makeinterferometric observations with the VI, A and OVRO-MMA
over a limited area of the core 1) single dish map.Due to the narrow line width of these structures
we had to use extremely narrow channel widths of 3 and 16 kl1lz, respectively, for the VI, A and
OVRO observations. Therefore the VLA and OVRO-MMA spectralline observations could only
be made over a limited area of the core D single dish map because we were severely constrained
by the observing time available to us.

In Figures 8a and 9a are shown the CCS and CS spectra obtained in the short spacings of the
VI, A and OVRO-MMA (from 3000 to 8000 wavelengths in the case of the VLA and with the 15
m baseline in the case of OVRO-MMA). For comparison we aso show the DSN single dish CCS
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spectrum at 22 GHz. All the CCS spectra correspond tothe position of the clumpg. The CS
spectra comes from a position 20" east of thenominal center of core |). Whereas the single dish
22 Gllz spectrum has the same intensity at the 5.7 and 6.1 km s’ components, in the VLA and
OVRO-MM A spectra the 6.1 kins~! component is distinctly stronger. Because an interferometer
acts as a spatial filter its spectra contains emission {rom smallscale structures (< 30" for the VLA
and OVRO-MMA). In the case of CCS emission the smallscale structures are seen prominently
only in the 6.1kms~! velocity component. The5.7kms~! component is relatively weak and
does not have suflicient signal to noise to generate a spatial map. The single-dish CCS 93 GHz
spectrum in Figure 4 also shows that the 6.1kms~! velocity component is more prominent. As
higher densities are required for the excitation of the CCS 93 Gllztransition it islikely to arise
from denser and hence more compact clumps. Thus these interferometric spectra show that the
6.1kms~! velocity component contains regions of higher density and/orsmallersizes.For CS, in
contrast to CCS, we only detect the 5.7km s component. All of theinterferometer Spectra have
very narrow linewidths, < 0.2 kms~!. Figures 8b and 9b show the high resolution spatial-spatial
maps of these velocity components. The maps were made averagiug the visibilities in three
adjacent channels around the peaks in the spectra, thatis. theyai e integrated over 3 channels (
(/linewidth of about 0.15 kins~!). For comparison wc also show the single dish CCS maps. which
trace out thelarger structures, at these velocities.

The field of view of the primary beam of the VI A is 120”and covers the central region of
core D, as indicated by a box in Figure 8b. The clumps f and g(sec Figure 7, particularly the
panels for 6.04 and 6.09 kms~') were detected in the VLA obhservations (Figure 8) with intensities
above the 5cilevel. in the VLA map the small scale structure of clump ¢ is extended N-S and
has angular size FWHM of 20" x 30" with peak brightness of 3.04 0.50 K. There is a suggestion
of further structure in clump ¢ in the VLA data and it may be commposed of two smaller clumps,
as indicated by the two intensity peaks located along the N-S axis. Clump f, located in the lower
part of the VLA map, is weaker and appears to be more diffuse spatially with one bright compact
region with angular size (}FF WHM) about 10" x 10" (0.007 pc x 0.007 pc) and peak brightness of
2.54+0.5 K. Although clumps ¢ and e (as defined by the single-dishmaps in Figure 7 at Vs, =
5.69 and 5.s4 km s', respectively) arc within the V1. A pritnary beamn no significant emission was
observed at their positions and velocities,

The largest scale structures that can be observed in a fullsynthesis- 1) configuration VLA
map at 22 GHzis~ 60". However for the observations reported here/ we had only partial synthesis/
and therefore structures larger than 40" cannot be detected. The extremely narrow linewidth of
the velocity components aso severely limits the sensitivity of our observations as we had to use
narrow channel widths. The absence of any detectable emissionfrom the parts of other clumps
within the primary beam of the VLA suggests that they arclikely to be resolved out and have
sizes larger than 40". g

The OVRO-MMA field of view is about 60" at 93 Gllzmuchsmaller than that of the VLA
at 22 GHz. Given the weakness of the CCS signals andthe limited observing time/we restricted
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our OVRO-MMA observations toafield of view centered onclumpg, the strongest feature in
the VLA map. The 93 GHzCCS emission has been detected from clump g¢(Figure9)andthis
high spatial resolution map sllows3smalldense embedded structures with even smallersizes than
the overal clump size in the 22GHz VLA map. (Our OVRO-MMA maps are not sensitive to
structures larger than 30'” due to the missing short spacings ).; Although the overall shape of the
93 GHz CCSemission is consistent with the VLA structure of clump ¢ the central peak is dlightly
displaced eastward (about 10”). The ratio of brightnesstemperatures of the 22 and 93 GHz CCS
emission in thesesmall scale structures is in the range of 1.5to 2.5. The 93 GHztransition traces
densities 10 to 100 times larger than the 22 GHz transition. as determined from excitation models
(see below). Thus the 93 GHz CCS emission indicates the presence of high density small scale -
internal structure in clump g. As the sensitivity in the 93 GHz OVRO-MMA mapis limited (the
signal to noise ratio at the peak is only 6), wc would need hig her sensitivity to investigate iu more
detail the density and velocity structure of clumpg.

In Figure 9 we show the CS(2-1) OVRO-MM A spectrum and spatial-spatial map at Vi =
5.7km S (aver-aged over a linewidth of about 0.15 kin s™!; see tile CSspectrum). The angular
resolution of the map is 6 and the rms is 0.0S mJy/beam. Thepeak brightness is 1.6 K and the
rms is 0.25 K. The CS clump is fully resolved and has an angular extent of about 10” x 24”(0.007
x 0.016 pc) at the 3o level. It is oriented NE-SW, that is perpendicular to the orientation of the
CCS emission at this velocity (Figure 9b). ‘I'he CS map showsevidence of substructure with two
to three smaller clumps each~ 10" in diameter. The sensitivity in this map is not adequate for a
detailed study of its velocity structure. We also note that no continuum emission at 93 GHz was
detected atthe 2 mJy (5u ) level.

Interestingly the CS clump does not show a spatial correspondence with any of the CCS
clumps in the single dish maps (see Figure 7) or VI, A maps (Figure 8), although some enhanced
CCS emission is seen at the velocity and position of tile CSclump. The CS arises from a region
that appears as a dlight bulgg,rbut not a distinct peak, inthe CCSmap.Most likely this region
is a separate clump but one which cannot be clearly isolated fromthe surrounding emission. The
lack of correspondence between the location of the CC'S and CS clumps may indicate significant
chemical differentiation over small distances ((),02 to 0.04 pc). Additional evidence for chemical
differentiation can be seen by comparing; the line shapes for CC34Sand C31S (Figure 4).

Density Estimates

Wc can determine the excitation conditions, density,and fractional abundance of the dense
clumps in core 1) from the CCS and CC*!S lines. The energy levels, frequencies, and Einstein A
values for CCS were calculated using the JP1. Spectra Line Catalog ( Pickett et a, 1991). The 2'2,
33, and 93 GHz lines originate from levels with energies (in Kelvins) of 1.6, 3.2, and 19.9 K above
the ground state, respectively. (See Figure 2 in Saito & et al.(1987) for an energy level diagram
for CCS).The corresponding Linstein A values are 4.3 x10-7,1.6 x 107%, and 3.8 x 10°s~!. We
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Table 3: Parameters for Clun | s Identified in Single Dish Spatial-Spatia Maps of CCS
Aa | As 1 Vie °| AV ® Size
" " (KY| (km SI) | (km s7) | (" x ")
a|-100 | +30 | 1.58+0.61 | 5.63+0.01 | 0.18+0.02 | 100x60
b | -140 +80 | 2.9540.65 | 5.694-0.01 | 0.20+0.02
c| -50| 400 | 1.72%0.21 | 5.7240.01 | 0.1740.01 | 50X50
d| +00 -60 | 3.0640.07 | 5.704+0.01 | 0.1740.01 .50x50
e| +05 -40 | 2.153.0.05 | 5.87+0.01 | 0.1640.01 11 OX60
/| +10 -30 | 1.8240.05 | 6.0740.01 | 0.1540.01 | <50x.50
g -lo +50 | 1.7540.51 | 6.104:0.01 | 0.15+0.01 THx45
h -Go | +140 | 1.63£0.05 | 6.07£0.01 | 0.15£0.01
a 1uc ve es are rounded off  two decim 1 places; t €rrors inmost cases are only a few m s=1.

adopt an LVG model which should be a reasonable firstapproximation to caculate the excitation
conditions. Wc use ¢ollision rates from Fuente (1994, private communication) and Wolkovitch et
a. (]995), and, unless otherwise stated, a kinetic temperature of 10 K ( Fuller & Myers 1993).
The 22 and 93 Gliz lines have critical densities for 11,about 10"and10°®cm~3, respectively.

Presently we have multi-transition information at the centralpositionin the single dish maps
and can derive the excitation conditions only for the two cluinps with size about -15" to 60" along
this line of sight. We arc currently undertaking a prog ram to map al of core D at 93 GHz with
45" angular resolution using the FCRAO antennaand will report on its density structure in a
later paper (Wolkovitch et al. 1995). To derive the average density over 2’ we first convolved
the lower frequency 22 GHz data to the 120" resolution of the AT& T Bell Laboratories 93 GHz
observations. We also used the 33 GHz data obtained with 70" angular resolution to constrain
the solutions of density, n(Hz2),and fractional abundance, X( CCS). The brightness temperatures
of the source were calculated from the antenna temperatures a 22,33, and 93 Gllz using the
corresponding beam efficiencies of 70, 70, and 95 percent. Yor the 5.7 kms~! component we find
a density ~ 2 x 10°cm-"and a CCS fractional abundance of ~2 x 10°. For the 6.1 km S—*
component the corresponding average density is 5 x 104 cm™3witha fractional abundance of 4
x 10719, These densities are consistent with those de: ived from CS by Suell et al. (1982) at the
same resolution of 120”.

On a smaler scale of45* the 93 GHz brightness temperature is about 30 percent stronger
than the Bell Labs spectra (this was determined by comparing the 7-m data to recem)observations
of the central position made with FCRAO’sl4mantenna( Wolkovitch et al. 199,5)). Thus) at the
central position of core 1) we can estimate the density averaged over 45” from the FCRAO results
in conjunction with the 22 GHz spectrum taken with the same resolution. We find a density of 3
x 10''em~ and a fractional abundance of 2 x 10°at 5.7 km s! and S x 10°cm~3 and 10°for
the 6.1 kms~! components. -
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Forthe smaller features scen in the VLA and OVRO-MMA maps(~ 10" to 30”) we can
place bounds on the density using the brightness of tile 22and 93 GHzlines in conjunction with
the LVG mnodel. Inspection of the excitation solutions shows that the ratio of the 93 to 22 Gllz
brightness increases with density up to about 10¢ cm~? where the lines become thermal lized. First.
the density has to be greater than that estimated for the 4.5” features ( > S x 10%cm—3) as they
are seen in both VI, Aand OVRO-MMA maps. Second, it has to be <2 x 108 cm™3, or else the
features would be much brighter than observed in our OVRO-MMACCSinaps. Combining the
interferometer line brightness with the single dish measurements providesanestimate of the total
line brightness. The small scale structure in tile VLA map (15~ 3K) is embedded in a background
of about 1 1{,as seen from the single dish data. in the case of 22(Glz emission, all densities (>
10"cm3) dong the line of sight contribute approximately equally to the total line brightness;
but at 93 GHz the highest densities dominate. The differences in the u-v coverage of the VLA
and OVRO-MMA maps make it difficult to estimate accurately the total line brightness at the
two frequencies. Withinthe uncertainties in combining single dish to interferometer maps, we can
place limits on the maximum and minimum total brightness in the VL Amapto be about 3.5 and
6 . Combining the OVRO-MMA and single dish observations vields a maximum brightness for
93 GHz of 2.5 K. The highest density is obtained by taking the minimum brightness for the 22
GHz line and the maximum brightness for the93 Gliz line. Thusthe density and CCS fractional
abundance for the minimum and maximum brightness limits are $x10* cm®and 107% and
5 x10> cm®and 5 x 107''. The most likely values are n(H,)~ 3 x 10> cm®and X( CCS)
~2X 10719 Densities greater than 10° cm™are almost certainly excluded unless the kinetic
temperature is about 6 to 7K. (Our excitation analvsis show that the brightness in the VLA
maps are consistentwith Kinetic temperatures > 6 K.) We also note that there is some indication
for decreasing fractional abundance of CCS with increasing densities. To derive both the kinetic
temnperature and density we need more data on these small fragments in another transition, -
preferably at 45 Glz.

Mass Estimates

We have identified several features in our C!8Omap (Figure 1 b) from local peaks and closed
contours. Some of these bear a similarity to the six features identified by Snell et al. ( 1982)
from their CS (I-O) map of TMCI1. We can estimate the mass of these features using C*°0 as a
column density tracer of molecular hydrogen, N(Hz2). Assuming that C'80 is optically thin and
thermalized N(1,) is given by,

N(H2)=9.9 x10° (1 - exp(-5.3/T;))"! [T,(CBO)d V cn~?

(Pound, Bania, and Wilson1990) and where we use the C'30Q fractiona abundance determined by
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Frerking, Langer, and Wilson (1982) for the Taurus region. Themass isobtainedby integrating
the column density over the projected area, A, and inultiplvingby the molecular weight per
particle (mainlyto account for Helium),

M(H2) = ;o m(Hy) [ N(11;)dA.

Iromthe peak brightness temperature of '3CO (notshown here) and our C'80 spectra we
calculate that the excitation temperature lies in the range 6-9 K. Here we adopt T, =7 K, the
results differ by at most £20 percent at the limits of the rangeforT,. We have applied these
formula"to al the features identified in the C'¥Omap. InTable 4 we summarize the size and
mass of the characteristic structures in TMC1. The size and mass of the entire TMClridge (or
cylinder) are 0.4 pc x 1.2 pc and 30 M. The two smaller eliptical filaments along this ridge are
similar in size and have nearly identica masses, ~ 10 M. Thesevenor eight C®0 cores along
TMCI1 have masses in the range 0.6 to 2.5M ;. The mass withinthe box around core D is 2.2
M. The mass we derive from C!8Q over the entire TMClridgeagrees very well with the value of
20-to 35 Mg, derived from CS(Snell, Langer, and Wilson 1982; Schloerb and Snell 1984).

We can use the CCS maps to estimmate the mass of the smaller features embedded in core
D. As noted above we do not have sufficient information to determine the density and mass of
every feature within the CCSsiugle dish and interferometer maps. However, the characteristics of
the strongest clumps are similar enough to allow us to characterize the core properties from the
few features where we have multi-transitioninformation. We estimate the mass of these various
clumps seen in CCS using their size and mean density.

We calculate the total mass of core 1) using the average density, 2 x10¢ derived from the
CCS spectra smoothed to 1207, the resolution of the BellLabsantenna at 93 GHz. This yields
a total mass of 2.1 M in good agreement with the mass calculated from C!®0. For the clumps
just resolved in the 70-m maps with angular size ~60” (0.04 pc), the density is ~5 x 10°cm®
and clump mass is ~ 0.1 M. For the smal clumps within clump g resolved in the VLA and
OVRO-MMA maps, ~ 20", the density is ~3 x 10°c m*and the mass ~ 0.02 Mg. For the
smallest fragments just barely resolved in the VLA and OVRO-MM A maps with size ~ 10" (0.007
pc) and density <108 crn‘’their mass is likely to be very small (< 0.01 Mg,).

5. Discussion

Our large scale C®0O map shows some indication of hierarchical fragmentation in TMCl with
dense cores of size 0.1 -0.2 pc-embedded in larger elliptical features (0.25pc x 0.5 pc) which’ are
themselves part of a long filamentary, or cylindrical , structure. From the CCS single dish and
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interferometric maps of one of these cores, core 1), we find evidence that 7 MClprobably contains
many more small clumps than previously suspected. Therearc at least 8 clumps seen in the single
dish maps of CCS with sizes about 60" (0.04 pc) at Vi between 5.6and 6.1kms=1. Atleast two
of these, f and g, contain small scale structure as seen in the VI. A and OVRO-MM A CCS maps
at 6.1 kms~! and in the OVRO-MMA CSmap at 57 kims~!'. There is aso a hint of structure
in our VLACCS map at 5.7 kms~! (see spectrum in Figure Sa)but tile signal”tomoise is not
good enough for this velocity component to produce areliable,high resolution map. Atleastone
of these clumps is composed of, or contains, 3 to 6 simaller scale components with sizes about
0.01 pc as seen in both our VIL.A and OVRO-MMA maps. Thesesmallscale structures in the
interferometer maps may represent high density condensations or fragments within the clumps.
Our best estimate of the density of these small fragments is 11(112) about 3 x 10°cm~3 and CCS
fractional abundanceabout2 X 10",

‘able 4: Paramete¢ s of the :haracteristi sub-structr e in TMC =

Structure Tracer Size 11(112) Mass | Virial Mass® | Comments
___pc 104 cm™3 M, Mg,
TMC1 C180 | 1.2 x 04 - 30 52| bound
Sk-filament C’'so 0.6 X 0.25 10 29 bound
cores C’'so 01 -0.2 [.5-32 5-15 bound
core D Ccs | 01sx 0.12 2 2.0 3.6 bound
clumps Ccs 0.04 5 0.1 0.96 | unbound?
small fragments | Ccs 0.01 30 0.01 0.24 | unbound-
transient

a using AV= 0.5 and 0.48kms~! respectively for 1180 and CS tracer

The CCS linewidths are very narrow (both in the single dishandinterferometric spectra) and
are composed of a therma and nonthermal component. The velocity dispersion due to turbulent
motions, Cturbs within the clumps can be obtainedfrom the CCS linewidths by

— 2 2
Oturb = \/ Tiot = Ttherm

where the total dispersion, o, is related to the line full width at half maximum, AV =2.350:.
The velocity dispersion due to thermal motions is

Oy erm = 0.0912 \/;'T/;ITI;_/: (km S‘I),

where m a7y 1S the molecular mass give in AM U. For CCS at 10 1{ the thermal velocity dispersion
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iS0.0386km s—'. A value of AV < 0.15 km stimplies aturbulent velocity dispersionless than
0.05kms~!, which is smaller than the sound speed (0.19km s’ ) inagas with mean molecular
weight of 2.3 amu. Thus the thermal pressure due to molecular hydrogen at 10 K (corresponding
to aAV = 04Skins~!) is much greater than the turbulent pressure even in the larger fragments.
From a comparison of the HC;N and CCSlinewidths in Table 2 we estimate Oiurb to be < 0.06 km
s-. Thus thermal pressure (due to molecular hydrogen) is dominant in the core andthe clumps,
and turbulence is not a significant factor in their support.

1)0 these fragments display any relationship between size and velocity dispersion? It is
clamed for dark clouds (cf. Figure 12 of Tatematsu et al1993) that the linewidths appear to obey
the empirical relationship AV o« (A R)%3down to the thermallinewidth. For the clumps in Table
:3, we find no evidence of such apparent scaling. However as pointed out above, there is large degree
of blending in both spatial and velocity domam/s and the clump sizes and the velocity widths are
probably overestimated in Table 3.

Table 4 lists masses derived from C!30 column densitiesand densities estimated from CCS
line intensities for different (larger to smaller) scale size structures observed in TMCI1.We can
draw some conclusions about the stability of these stiucturesby comparing these masses with
the corresponding virial mass M,;,. The virial masses listed in Table4 were estimated using the
relation M,;, = 210 R (AV)?, taken from MacLaren et a. ( 1988) for constant density distribution.
For the large-scale structures traced by C1¥0 we used AV=10.85km s, e mean width of the
C'®0 profile (Figure 2). Inthe case of the smallscale structures traced by CCS, as described
above, turbulence is negligible and we have to consider only the thermal pressure of H2. Therefore,
for AV we used the thermal linewidth for an H,molecule at 10 K. The virial masses estimated
assuming constant density arenot very different (less by 15 percent) for a |/r density distribution.
If a structure has mass, M>1M,,, it isbound, and if M>Muir will be unstable to collapse. The
structures with M < %Mm are unbound. However when applying the above criteria one must be
aware of the rather high uncertainties in the mass estimates (within a factor ~ 2 from C'#(Q and,
factors of about 2 and 10 from CCS observations for the 60" and 10" structure; respectively).
The properties of the different features indicated in Table drepresents the most likely structure
suggested by our observations. I

Ovcrall core 1) appears to be bound but is not likely to be unstable against collapse. However,
the smaller structures within this core are unbound. The clumps which are barely resolved in

the single dish maps (~ 60”) appear to be unbound, oratmostafewmay be marginally bound.
Those clumpsresolved in the interferometers with sizes < 20" have a virial mass much greater
than their actual mass. Hence it appears that the features traced by CCS from 10" to 30" are
most likely unbound and subject to expansion unless they are pressure confined. The presence of
such unbound clumps within a cloud core suggests that fragmentation mechanisms other than a
purely Jeans gravitational instability may be important in cold dense cores.

As the mass estimated from the density for the sinaller fragments is an order of magnitude
less than the virial mass and they cannot be bound unless they have higher densities ~107 cm®.
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Although such high density is not evident in the data presentedhere, it cannotruled out if the
kinetic temperature is much lower than 10 K, about 6 or 7 K.

It has been suggested, onthe basis of the NHzabundance thatthe south-eastern part of
TMC1filament (which includes core-~) containsthe youngesc/coros('l‘élle et al. 1981; Olano
et a. 1988; Hirahara et a. 1992). Thus the clumpiness observed with CCS may describe the
physical and chemical condition of the gas at very carly stages of cluinp formation and evolution.
Thesingle dish CCS maps show that the fragments are distributed along the filament and that
they have a very narrow width perpendicular to the filament. Our high resolution OV RO-MM A
and VL. Amaps resolve the structure perpendicular to the filament at some places into small scale
structures. Carbon chain molecules (CCS and cyanopolyynes)maybe produced most efficiently
insmall fragments with enhanced densities. The density enhancements seen along the SE-NW
filamentary-l like structure may arise from fragments formed inacompressedregion produced by
cloud collision (L.ittle et al.1978) or contraction along the predominant magnetic field (Moneti et
al. 1984). Quasi-periodic structure (as seen on a largerscaleinFigurela and on a smaller scale in
Figure 6) could be due to some magnetohydrod ynamic mode (Langer1978;Carlberg and Pudritz
1991). Thedistribution of CCS and CS clumps in Figures 1. 7, Sand9 suggests that one of these
mechanisms is present, especially given their low mass. Asunoted above, the turbulent velocity
dispersion is small (< 0.().5 km S ) compared to thethermal velocity dispersion of a 10 K gas
with mean molecular mass of 2.3 amu. We have searched for velocity gradients in our data and
find that the rotation is small,g 0.0.5 km s1 arcmin™'(1.25km s'pc™!), and makes negligible
contribution to support.

What are these clumpsin TMC1 core D? Do they represent localized regions of density or
chemical inhomogeneities or both? Asthe mass estimated for the smaller clumps with a density
~10%t0 106 cm =3, is much less than the virial mass these clumps are not gravitationally bound.
Because TMC1 appears to be unusual in chemistry and structure, it might secm that conclusions
about this source cannot be applied to low-mass star formingregionsin general. However, the
properties of theclumpsin TMCI1 core D are similar to the properties of the quiescent core in
1.1498 (Lemme et al. 1995; Velusamy et al. 1995). Lemme et al. found from high resolution
C!80 and CS observations that 1,1498 consists of a large bound core with very narrow linewidths,
0.11-0.18 kin s—!, with mass ~ 1 M. This core is invirial equilibriuin and is thermally supported.
Their C'80 (2-1) data also showed many, small sub-solar mass, gravitationally unbound clumps,
with narrow line features, similar to "gh'é‘f‘eatures we extract from our CCS maps of TMCI.
Interferometer observations in CS also show the presence of < 0.01 pc small scale structures in
1.1498 core (Velusamy et a. 1995). The presence of such structures in both clouds raises some
interesting questions about their formation. The more complex structure of TMC1 may be a
collection of objects similar to the L1498 core.

From the number of features in the maps using different density tracers and at different
spatial resolution there appears to be a hierarchy of fragments withaun increasing number of
features at smaller scales embedded in the larger scale features. While our maps are limited to
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core 1) it appears tat the nUmMber of features continues to increase at sinaller scales ot |east dowy
to 0.007 pc. Indeed we see more smalls scale features perunit area that do Pound and Blitz(1995)
who used different tracers to search for low mass objectsin star forming regions Oph Band B18.
However, we fiydno evidence for proto- brownd“’arfs(bound structures with mass < 0.0S M)
similar to the conclusions of Pound and Blitz (1993, 1995). We need more observations to say
whether the number distribution turns over at very low mass ( < 0.1 /5 ).

Webelieve that the small sub-solar mass objects seenin TMC1core D are an important part
of the protostar formation process because of the possibility of coalescence. It has been suggested
that fragmentation by thermal instabilities and coalescence of small fragments arc important in
the formation of stars in the interstellar medium (Mus ray et al. 1993). Silk (199.5) suggests that
low mass fragments grow by coalescence (through collisions) and are likely to form stars with low
mass ~ 0.2 or 0.3 M. The time scales for dissipation of our CCS fragments (size/sound speed) is
~ 10°yr for a 20" feature. Most of the small scale fragments (< 40") will dissipate because the
sound crossing time is somewhat less than the collision time of a fewX10% yr (depending on the
size and assumed velocity dispersion among the fragments). However a fraction of these fragments
will collide and perhaps coalesce to form denser bound structures. Because many of the fragments
with size 20" to 45" are within a factor of 2 - 3 of having sufficient mass to be bound it would not
take more than one or two coalescing collisions to forin a bound structure. On the other hand
the smallest features detected in our maps, size ~ 107, are so far from being bound (in terms
of gravitational mass)that they almost certainly dissipate before colliding with other similar
fragments unless they are pressure bound. The sound speed of ~ 0.2 kins~! for these features
suggest that they are transient with lifetimes < ,5 x 104 yrandthat if, they are long lived they

must be pressure confined.

It is possible that the small clumps fragments are confined by turbulent pressure, since they
are embedded (along the axis of the filament) in a more turbulent (velocity width ~1kms™!)
lower density gas as traced by C!20 (Figure 2) and '*CO and, perhaps with some additional
magnetic contribution as well"(gg]: Bertoldi & McKee, 1992). Thusthey could have longer lifetimes
than estimated here and may have more time to coalesce.

The low masses of the fragments raise another interesting question, -* do they represent a
population of proto-brown dwarfs? Pound and Blitz (1995)claim to see a cutoff in the number of
bound clump masses below 0.1 Mg in the star forming regions Ophiuchus and B18. Although we
find that low mass clumps are more prevaent in a quiescent region than Pound and Blitz, they
are al unbound and hence would not form a proto-brown dW?"]; without some collisional process.

6. Summary

We have made a study of the structure of TMCland, in particular of Core D on scales
ranging from 10" up to 30" using single dish and interferometric maps o/fCIS(), CCS, and CS.
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Our C'®0 mapshows hierarchical fraginentation with dense cores embedded in larger elliptical
features which are part of a long filamentary, or cylindrical. structure. Fromthe CCSsingle dish
and inter ferometric maps we find evidence for many more small scale structures in individual
cores in TMC1 than previously suspected. The high spectral and spatial CCS maps of TMC1
show that core 1) is highlyfragmented with structures ranging in size from 10 to 90 arcsec. These
small fragments have very narrow intrinsic linewidths < 0.11-0.20 ki SH , not much larger than
the thermal line width for C('S (0.09 km s=! at 10 K). These narrow linewidths indicate that o
thermal pressure is the dominant support in these clumps and that turbulence and rotation are
not significant. The mass of these fragments range from g 0.01 to 0.15 M;, as estimated from
density and volume. ' i

The structure of TMC1 can redescribed as hierarchical fromn large to extremely small scale
sizes roughly over two orders of magnitude consisting of: (i) long filaments of size > 0..5 pc and
mass of several Mg; (ii) several cores (which are gravitationally bound) of size ~ 0.1 pc and
masses 0.5 to 3 M, distributed along the filament; (iii) each core contains several clumps of size
~ 0.04 pc and mass ~ 0.1 M~ which are mainly gravitationally unbound:and, (iv) some of these
clumps themselves contain smaller fragments of size ~ 0.01 pcand mass ~ 0.01 M., which are
amost certainly unbound. The small scale structures appear to be gravitationally unbound which
suggests that fragmentation mechanisms other than a purely Jeans gravitational instability may

be important in cold dense cores, or that external pressure confinernentiSimportant.
Vo | ;%
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Fig. 1--- (@) C'0 (1-0) integrated intensity map of TMC1from the AT&T Bell Labs 7m antenna:
1" sampling; 1.7 beam size. The lowest contour and the contour intervalare 0.4 and 0.2 K kins™1,
respectively. The box represents the region containing core I centered at 1{.4( 1950) = 04*38™422.0;
DEC(1950) = 25 °34'50";

(b) CCS 22 GHz total integrated intensity map of Core I) over a 4’by4’ region, These data arc
taken with the DSN 70-mantenna which has an ang ular resolution of 4.5”; the map is Nyquist
sampled every 24”. The first, contour and contour interval are 0.075 K km Sl. The circles at the
top left corners represent the respective antenna beam size.

Fig. 2.- C'%0and CCS spectra at the central position in TMCI1 core D. The C'®¥0 and CCS
velocity channel widths are 0.14 and 0.00S km S-*, respectively. The CCS spectrum was smoothed
spatialy to a lower resolution of 100" correspondingto the angular resolution of the Belll.abs7-m
antenna.

Fig. 3.- Plotted are allthe CCS spectra at 22 Gllz in core Dtaken with the 70-m antenna.
The spectra were observed every 24“ in both north-south and east-west directions; the antenna
beamwidth is 45”". The channel width is 0.00S km s—! and the spectra are smoothed to a velocity
resolution of 0.025 km S--I.

Fig. 4--- High spectral resolution lines in TMC1 core D at the position RA(1950) = 04438™425.0;
DEC(1950) = 25 °34'50”. The 22 and 33 GHz profiles are sawpled every 0.008 and 0.011 kms~!
respectively and are smoothed to 0.02.5 and 0.04 km <~!. The CCS93 and C3'S96 GHz profiles
have spectrz’il resolutions of 0.04 km s’, and were taken with the7-mn antenna (beam resolution
120").

Fig. 5--- lligh spectral resolution lines of CCS and HC; N in TMClcoreD at the position RA(1950)
= 04h38™44°.3; DEC(1950) = 25 °34'14". The 22 GHz profiles are sampled every 0.008 km s~! and
arc smoothed to 0.025 km s~ 1. The HC7N lines show three distinct components and the central
and high velocity features are probably composed of two blended velocity components. The HC,N
frequencies were calculated from the molecular constants and the shift in velocity with respect to
CCS is due to the uncertainties in the frequencies. We did not correct the HC;N frequencies to
line up with those of CCS.

Fig. 6.—- CCS position-velocity map of core D along the SIE to NW direction approximately passing
through the three peaks in Figure lb. Velocity and angularresolutionsare 0.025 kms™1 and 45
respectively, but sampled at 0.008 kms~! and 24". The first contour and interval are 0.15 K and
the rms = 0.04 K. There are eight separate features along this cut with sizes about 45" to 90".
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Fig. 7.-. Goldstone 70-m CCS intensity spatial-spatial maps of TMC1 core D, one map is shown
for every 0.05kins~! velocity interval. ‘I’he contours are integrals over 0.05 km s-|, and the lowest
contour and contour interval are 0.2 K kin s™!. Each map is centered at RA(1950) = 04%38™422.0;
DEC(1950) = 25 °34'50". ‘The eight clumps we identify in the CCS data cube are labeled « to A.
The circle at the top left corner represents the beam size.

Fig. s- @) The spectra for CCS at 22 GHz from the DSN and VLA and the CCS 93 GHz OVRO
spectra at the position of clump ¢ (see Figure 7) arc displayed. 1'he VLA spectrum is that for
the shortest baseline (3000 % S000 A). The OVRO spectra were Observed in the 15 m baseline.
The peak at 6.1 km s~! is clearly resolved at both 22 and 93 GHz. There is evidence for a second
velocity componentat 5.7 km S| in both spectra. The arrows indicate the velocity (channel) of
the maps shown in (b).

b) VI. A CCS 22 GHz and OVRO CCS 93 GHz spatial maps for the velocity component 6.00 km
s~1. The single dish 70 m CCS (22 GHz) map is shown at the top for comparison. The mapped
regions are indicated by boxes. The center of the 70 m map is at the nominal center of Core-1)
as shown in Figure7. The spatial resolutions in the VLA and OVRO maps are 9”x9”. The first
contourlevel and interval in the VLA map are 16 mJy beam~1(0.50 K in T4); the rms noise in
the map is 14 mJy beam--]. The first contour level and interval in the OVRO map are 120 mdy
beam~! (0.20 K in T%): the rins noise in the map is 90 mJy beam- !. The VLA map shows a strong
condensation at the position of clump g which inay have two subclumps. The OVRO 93 Gz map
of this region traces out several high density clumps. ‘I’he circle at the top left corner of the maps
represents the beam size.

Fig.9.—-a) The ¢S (2-1) spectrum observed with QVRQ shows prominent emission at 5.7 kms™!.
The corresponding single dish CCS 22 GHz spectrum is also shown for comparison. The arrows
indicate the velocity (channel) of the maps shown in (b).

b) OVRO CS (2-1) map at Vi, = 5.7 km s1. The single dish 70 m CCS 22 GHz map at this
velocity is shown at top. The OVRO map region is indicated by a box, The center of 70 m map is
at the nominal center of core D as shown in Figure 7. The spatial resolution in the OVRO maps is
6”x6”. The lowest contour level and contour interval are 100 mJy beam™1! (0.35 K in T4); the rms
noise in the map is 85 mJy beam~!.The CS is concentrated in 3 or 4 small clumps located along
a ridge running NE-SW. The CS feature is located at a position in the single dish CCS map (top
panel) that appears as a bulge. This position probably marks a separate 45" clump that is blended
in this map. The circle at the top left corner of the maps represents the beam size.
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